The initial deposition of bacteria in most aquatic systems is affected by the presence of a conditioning film adsorbed at the liquid-solid interface. Due to the inherent complexity of such films, their impact on bacterial deposition remains poorly defined. The aim of this study was to gain a better understanding of the effect of a conditioning film on the deposition of motile and nonmotile Pseudomonas aeruginosa cells in a radial stagnation point flow system. A well-defined alginate film was used as a model conditioning film because of its polysaccharide and polyelectrolyte nature. Deposition experiments under favorable (nonrepulsive) conditions demonstrated the importance of swimming motility for cell transport towards the substrate. The impact of the flagella of motile cells on deposition is dependent on the presence of the conditioning film. We showed that on a clean substrate surface, electrostatic repulsion governs bacterial deposition and the presence of flagella increases cell deposition. However, our results suggest that steric interactions between flagella and extended polyelectrolytes of the conditioning film hinder cell deposition. At a high ionic strength (100 mM), active swimming motility and changes in alginate film structure suppressed the steric barrier and allowed conditions favorable for deposition. We demonstrated that bacterial deposition is highly influenced by cell motility and the structure of the conditioning film, which are both dependent on ionic strength.
Biofilm formation or biofouling, a widespread problem in aquatic environments, can negatively affect processes in natural, engineered, and biomedical systems, resulting in contaminated aquifers (25) , fouled membranes (3), and infected catheters and biomedical implants (40) . The accumulation of metabolically active microorganisms on surfaces can lead to material degradation and affect system performance through energy cost increases and reduction in expected life spans. Biofouling control remains a major challenge because of the intricate processes involved in biofilm development, such as bacterial deposition, growth, and maturation (10) . A better understanding of bacterial deposition-the step that initiates biofouling-can be used to develop improved control and prevention strategies in order to reduce the adverse impacts of biofilms on aquatic environments.
Most fundamental studies have investigated the initial deposition of microbes in oversimplified systems using ultraclean surfaces as a surrogate for the solid-liquid interface (19, 21) . However, the properties of the solid-liquid interface are altered by the adsorption of polyelectrolytes, such as humic substances and polysaccharides in natural aquatic systems (31) and glycoproteins, lipids, and nucleotides in biomedical systems (1) . Because of its charged and macromolecular nature, this polyelectrolyte film, known as the conditioning film, changes the physicochemical properties of the surface (37) (e.g., surface roughness and surface charge distribution), which affects bacterial deposition (42) . The conditioning film can also modify the biological properties of a substrate and induce specific responses in the microorganism, such as chemotaxis and attachment to specific receptors (7) .
Previous studies on the role of the conditioning film in bacterial adhesion and deposition have demonstrated the major influence of the film on bacterial adhesion (4, 43) . Observations of the enhancement or inhibition of cell deposition were attributed to differences in the levels of surface hydrophobicity of the depositing strains. However, because of the inherent complexity of the conditioning films used, these studies were unable to provide a more complete mechanistic interpretation of the interactions involved in the deposition process. Therefore, a more gradual and systematic approach to increasing the complexity of the conditioning film is required to investigate the effects of adsorbed polyelectrolytes on substrate properties and subsequently on the deposition of microorganisms.
Ideally, the model macromolecular constituents of the film need to (i) be a well-characterized polymer that is representative of the properties of the conditioning film of interest, (ii) form well-defined layers by adsorption to the substrate, and (iii) significantly alter the physicochemical and biological properties of the substrate after adsorption. Alginate layers are likely to approach these features because of their nature, source, and characterization. The polysaccharide and polyelectrolyte nature of alginate makes it an excellent candidate to approximate the dissolved organic matter present in aquatic environments and wastewater effluents (26) . Alginate is also an exogenic product of bacteria and is likely to stimulate a biological response in planktonic microorganisms (18) . Alginate assemblies form homogeneous thin layers and exhibit dynamic viscoelastic properties in response to changes in the ionic composition of the surrounding solution (14) . The alginate film is a well-defined structure with moderate complexity and can be used as a preliminary surrogate for conditioning films formed in natural and engineered aquatic systems.
In contrast with the conditioning film, the bacterial surface is a relatively well-characterized assembly of dynamic appendages that enable the microbial transition from a planktonic to a sessile state (33, 46) . Among these appendages, flagella are actively involved in the transport of the microorganism towards the substrate (8) , as well as in the initial deposition (34) and occasional detachment of the microorganism (27) . The rotation of the flagella, which enables cell transport, is driven by the coupling of electrochemical potentials across the cell membrane and electrostatic interactions between fixed charges on the flagella and the proton flux across the membrane (5). In the vicinity of the substrate, physicochemical and biological interactions between the substrate and the flagellins-glycosylated subunits of the filament (44)-can affect the deposition behavior of the cells (34) . Because of these flagellar functions and the paramount importance of flagella in the settling of microorganisms, these appendages are often indicated to be the mediators of the virulence of pathogenic bacteria (22) . A better understanding of the environmental factors affecting the flagellar functions would have tremendous impact on the prevention of infectious diseases. However, there is minimal research that addresses the effects of the presence of a welldefined conditioning film on the deposition behavior of motile bacteria.
In this work, we studied the kinetics of the deposition of motile and nonmotile bacteria onto conditioned surfaces under laminar flow to determine the role of cell motility and the role of the conditioning film in bacterial deposition. Experiments were conducted using an alginate layer as a model conditioning film and Pseudomonas aeruginosa PAO1 as a model bacterial species. PAO1 is a well-characterized pathogen that is extremely active in the biofouling of substrates in natural and engineered aquatic systems (20) . Genetically modified PAO1 was used to determine the impact of flagellar motility on cell deposition. We demonstrated that the kinetics of the deposition of motile bacteria onto alginate films exhibited a unique dependence on ionic strength, with a maximum deposition rate obtained when the electrolyte concentration of the solution approached physiological conditions.
MATERIALS AND METHODS
Construction of the P. aeruginosa strains. Bacterial strains listed in Table 1 were cultured in Luria-Bertani (LB) or Vogel-Bonner minimal (VBM) medium at 37°C. The conditions and procedures used for strain construction were similar to those detailed by Kazmierczak et al. (23) and are summarized below. Chromosomal and plasmid DNA, ligation reaction and PCR mixtures, and Southern blots were prepared according to standard protocols (2). The fliC::Tc r cassette was constructed using primers (Invitrogen) designed from the PAO1 genome sequence (http://www.pseudomonas.com) (39) . The primer pairs fliC-N1/ fliC-N2 and fliC-C1/fliC-C2 (Table 1) were used to amplify the gene regions flanking fliC and corresponding to the N and C termini of the gene product by using PAO1 genomic DNA as a template. The amplified regions were subcloned into the allelic exchange vector pEX18Gm (38) . A tetracycline resistance cassette was subsequently subcloned between the flanking regions to make pEX18-⌬fliC. Escherichia coli S17-1 cells were transformed with this construct, which was then introduced into PAO1 through mating. Gentamicin-resistant exconjugants (merodiploids) were isolated on VBM medium plus gentamicin (100 g/ml) and then resolved by growth on VBM medium containing tetracycline (100 g/ml) plus 5% sucrose as described by Schweizer and Hoang (38) . Mutants were screened by PCR and verified by Southern blotting (data not shown). The vector pEX18Gm-⌬pilA, which contains the regions flanking pilA and corresponding to the N and C termini of the gene product, was kindly provided by B. I. Kazmierczak (Yale University). This construct was introduced into PAO1 and the PAO1 ⌬fliC strain, and the single-and double-knockout PAO1 ⌬pilA and PAO1 ⌬fliC ⌬pilA strains were selected as described above. The deletion of pilA was confirmed with Southern blotting (data not shown). In contrast to the wild type, the mutant PAO1 ⌬fliC and PAO1 ⌬fliC ⌬pilA strains did not spread on 0.3% agar-LB plates and did not exhibit any swimming motility when observed under a microscope. The mutant PAO1 ⌬pilA and PAO1 ⌬fliC ⌬pilA strains did not exhibit any twitching motility on 1.5% agar-LB plates. Cell preparation and characterization. The following protocol was applied to all cell cultures used in the characterization or deposition kinetics experiments. PAO1 strains were incubated in LB at 37°C and harvested at mid-exponential growth phase. The bacterial suspension was centrifuged (in a Sorvall RC 26 Plus) for 15 min at 1,000 ϫ g. The cell pellet was washed once with 100 mM KCl solution, recentrifuged under the same conditions, and finally resuspended in KCl (100 mM).
Transmission electron micrographs were obtained using a Tecnai 12 Biotwin microscope. Samples of planktonic and sessile cells were collected either from the liquid cultures or from the periphery of a solid colony growing on a 1.5% agar-LB plate. Samples were resuspended in deionized water and adsorbed to glow-discharged carbon grids for 1 min. Grids were stained for 2 min in 2% uranyl acetate, washed with deionized water twice for 20 s each, and then briefly dried before imaging.
Measurements of bacterial electrophoretic mobility were performed with a ZetaPALS analyzer (Brookhaven Instruments Corp., NY) according to procedures previously described by de Kerchove and Elimelech (13) . Electrophoretic mobility measurements were converted into zeta potentials by using the Smoluchowski equation. This equation was applicable because of the relatively large cells and the ionic strengths used (17) . The relative level of hydrophilicity of the cells of each PAO1 strain was measured using the microbial-adhesion-to-hydrocarbons test with n-dodecane (laboratory grade; Fisher Scientific) (32) . Hydrophilicity is defined here as the fraction of total cells partitioned into the aqueous phase. The surface acidity of the cells of each strain was determined by titration using hexadimethrine bromide (Sigma, MO) and poly(vinyl sulfate) potassium salt (Sigma, MO) as cationic and anionic standards, respectively (24) . The surface charge density was calculated using the average ellipsoid superficial area of the bacterial cells.
The average bacterial size was determined as a function of ionic strength by contrast-phase microscopy. More than 100 discrete bacterial cells for each ionic condition were studied. The average major and minor axes were calculated with MATLAB software (The MathWorks Inc., MA) by assuming an ellipse with the same second moments as those for rod-shaped bacteria. Cell viability tests were performed with a BacLight viability kit (Molecular Probes, OR), which uses fluorescence to detect stained dead and live cells. Cell viability was studied as a function of ionic strength.
Substrate preparation and characterization. Ultrapure quartz coverslips measuring 25 mm in diameter and 0.1 mm thick (Electron Microscopy Sciences, PA) were used in the deposition experiments. Quartz slips were cleaned using a three-step procedure. Organics were removed by soaking the coverslips overnight in 2% Hellmanex II solution (Hellma GmbH and CoKG, Germany) at 75°C and then rinsing them with deionized water. To remove metal impurities, the quartz slips were soaked overnight in Nochromix solution (Godax Laboratories, Inc., MD) at room temperature and rinsed with deionized water. Finally, the residual carbon impurities were removed by baking the coverslips at 560°C for 1 to 3 h.
Conditions favorable (nonrepulsive) for the deposition of the cells onto the substrate were obtained by the chemical modification of the coverslip surface. Charge reversal was induced by the adsorption of a layer of poly-L-lysine (PLL) at the quartz surface. PLL hydrobromide (Sigma, MO) has an average molecular mass of 110 kDa. The quartz coverslips were submerged in a 0.1-g/liter solution of 0.22-m-pore-size-filtered PLL-HEPES (pH 5.6) overnight at 4°C and rinsed four times with 0.22-m-pore-size-filtered deionized water. The quartz coverslips were dried for 3 h in a vacuum at 37°C. Bacterial deposition experiments were performed under favorable conditions over a wide range of ionic strengths (1 to 100 mM) and at an ambient pH (5.4 to 5.6).
Alginate conditioning films were formed by the adsorption of dispersed alginate (0.1 g/liter in a 10 mM KCl solution) for 15 min onto PLL-coated quartz under laminar flow conditions. We used commercial sodium alginate (Sigma, MO) with an average molecular mass of 72.7 kDa. The alginate films were rinsed for 15 min with the electrolyte solution of interest prior to the bacterial deposition experiment in a radial stagnation point flow (RSPF) system (14) .
To characterize the electrokinetic properties of the clean and coated quartz, 1.6-m-diameter silica particles (Bangs Laboratories, Inc., IN) were used as a surrogate for the quartz slides. Conditioned silica particles were obtained by successively dispersing the particles in PLL and alginate solutions. Particles were extracted from overnight suspensions by centrifugation (1,000 ϫ g for 1 min). The electrophoretic mobility measurements and the sizes of the clean and coated particles as a function of ionic (KCl) strength were determined using ZetaPALS (Brookhaven Instruments Corp., NY). Electrophoretic mobility measurements were converted into zeta potentials by using the Smoluchowski equation.
RSPF system. Bacterial deposition rates were studied in a well-controlled RSPF system. Deposited bacterial cells were observed in a novel, specially designed glass flow chamber (Fig. 1A ) mounted onto the stage of an inverted microscope (Axiovert 200m; Zeiss) operating in the contrast phase. A separate chamber filled with mineral immersion oil (type DF; Cargille Laboratories Inc., NJ) was mounted onto the RSPF flow cell to minimize the transitions in the refraction index (refraction index of the oil Ϸ refraction index of the glass Ϸ 1.52) and the scattering of the light between the light source and the collector surface. Bacterial cell deposition was recorded at regular intervals (10 to 20 s) for 10 min with a DP70 digital camera (Olympus). The quartz collector surface was sealed to the open bottom side of the glass chamber with a silicon sealing strip (Dow Corning, CA) and maintained at a constant distance from the capillary with a Teflon spacer (Fig. 1B) . The sealing system was compressed by clamping the glass chamber to a larger glass slide. The hydrodynamics of the system have been well defined previously (11) and were confirmed for the specific dimensions of our flow cell (FEMLAB; COMSOL). The injection capillary has a diameter of 2 mm, with a 2-mm distance between the outlet of the capillary and the collector surface. During experiments, a constant flow of 4.93 ml/min (capillary average velocity, 2.65 cm/s) was induced by syringe pumps (KD Scientific Inc., New Hope, PA). The Reynolds number at the outlet of the capillary was 28.4, resulting in a bacterial cell Peclet number of 0.22 (17) . All results were obtained under the same hydrodynamic conditions and at 25°C (Ϯ1°C).
Deposition kinetics protocol. Bacterial cell deposition as a function of ionic strength in monovalent (KCl) salt at an ambient (unadjusted) pH (5.4 to 5.6) was studied. Electrolyte solutions were prepared with deionized water and reagentgrade salt (Fisher Scientific) and stored at 4°C. For each cell culture, the cell concentration was determined in a Bürker-Türk cytometer chamber (Marienfield Laboratory Glassware, Germany). Prior to each experiment, concentrated cell suspensions were diluted with the electrolyte solution of interest.
From a single bacterial deposition experiment, the bacterial transfer rate coefficient was calculated as the ratio between the bacterial deposition flux and the initial bacterial bulk concentration (46) . The bacterial deposition flux was the observed deposition rate of bacteria as normalized by the camera viewing area. Bacterial deposition kinetics were represented as the attachment (or deposition) efficiency (16) . The attachment efficiency corresponded to the bacterial transfer FIG. 1. Specially designed RSPF system for studying bacterial deposition kinetics in real time: picture (A) and diagram (not to scale) (B). "Oil" shows the location of the mineral oil chamber. Q is for quartz coverslip, RB is for rubber band, S is for silicon sealing strip, and T is for Teflon spacer. 
RESULTS AND DISCUSSION
Characteristics of genetically modified PAO1 strains. Three genetically modified P. aeruginosa PAO1 strains, constructed by allelic displacement, were used: (i) the PAO1 ⌬fliC strain, deficient in the biosynthesis of flagellar proteins; (ii) the PAO1 ⌬pilA mutant, deficient in the biosynthesis of type IV pilus proteins; and (iii) the PAO1 ⌬fliC ⌬pilA strain, deficient in the biosynthesis of both flagellar and type IV pilus proteins. We determined the morphological and physiological properties of the cells, as well as cell surface physicochemical properties, for the three mutant strains and the wild-type PAO1.
The morphological features of planktonic and sessile cells were studied by transmission electron microscopy (Fig. 2) . Flagella were present at the surfaces of planktonic and sessile cells of PAO1 and the PAO1 ⌬pilA mutant. Type IV pili were produced only on the surfaces of sessile cells of PAO1 and the PAO1 ⌬fliC strain. The primary function of type IV pili is to enable the twitching motility of sessile cells (29) , and therefore, the presence of pili at the surfaces of planktonic cells was not anticipated. The absence of flagella at the surfaces of PAO1 ⌬fliC and PAO1 ⌬fliC ⌬pilA cells and the absence of type IV pili at the surfaces of PAO1 ⌬pilA and PAO1 ⌬fliC ⌬pilA cells confirm the swimming and twitching disabilities of the strains, respectively.
Because deposition kinetics are sensitive to the sizes and physiological states of cells (45), we characterized the variation in size and viability of PAO1 ⌬pilA and PAO1 ⌬fliC ⌬pilA cells as a function of ionic (KCl) strength. These two mutant strains were selected to ensure the absence of type IV pili at the surfaces of planktonic cells in order to study the impact of swimming motility on deposition. Both PAO1 ⌬pilA and PAO1 ⌬fliC ⌬pilA cells had major and minor axes of 2.25 Ϯ 0.15 and 0.93 Ϯ 0.01 m, respectively, which is equivalent to a volumetric spherical diameter of 1.24 m. No significant differences in size over a range of ionic strengths (1 to 1,000 mM KCl) were observed. Viability tests over the same range of ionic strengths demonstrated that PAO1 ⌬pilA and PAO1 ⌬fliC ⌬pilA cells were sensitive to low ionic strength, maintaining a viability of 59% (Ϯ11%) at ionic strengths below 10 mM. However, the viability of the cells quickly increased to a stable value of 81% (Ϯ8%) at ionic strengths above 10 mM. High osmotic pressure and electrolyte imbalance across the cell membrane are likely to be the causes of the high lethality observed at low ionic strengths (35) .
The presence of the flagella is likely to change the surface properties of the bacteria. Hydrophilicity tests and titration to determine surface acidity demonstrated statistically significant differences between motile (PAO1 and PAO1 ⌬pilA) and nonmotile (PAO1 ⌬fliC and PAO1 ⌬fliC ⌬pilA) strains (Fig. 3) . Motile strains had an average cell surface acidity of (10.6 Ϯ 0.5) ϫ 10 Ϫ6 meq/10 8 cells, compared to (7.0 Ϯ 1.0) ϫ 10 Ϫ6 meq/10 8 cells for nonmotile strains, and an average hydrophilicity of 93% Ϯ 1%, compared to 82% Ϯ 2% for the nonmotile strains. These values are comparable to previously published data on PAO1 (41, 45) .
Measurements of the cell surface acidity can be converted into surface charge densities by assuming a homogeneous distribution of acidic functional groups over the surface area of the cell. Because of the similarity in size between the cells of the PAO1 wild-type and mutant strains, we calculated an average ellipsoid surface area of the cell bodies of 1.71 m 2 . For the two motile strains, an additional 0.57 m 2 was added to this calculated body surface area to account for the flagella, cylin- drical structures measuring 18 nm in diameter and 10 m in length (12) , to obtain a total surface area of 2.28 m 2 . Applying these two surface areas, we calculated a statistically equivalent surface charge density of 430 Ϯ 40 C/cm 2 for the four PAO1 strains. This result suggests that the greater acidity of the motile cells and their enhanced affinity for the aqueous phase, as discussed above, result from the presence of the flagella at the bacterial surface. Three aspects of the flagellar structure and function are likely to affect the cell surface properties: (i) the glycosylation of flagellins that are present in up to 20,000 copies (44), (ii) the presence of charged residues ubiquitous in the protein structures that form the basal bodies, the hooks, and the filaments of the flagella (47) , and (iii) the transmembrane ion currents that drive the rotation of the basal bodies (5) .
Electrophoretic mobility measurements and zeta potentials of cells and the substrate. Electrophoretic mobility measurements for the motile PAO1 ⌬pilA and nonmotile PAO1 ⌬fliC ⌬pilA strains give an estimate of the zeta potentials at the surfaces of the cells (Fig. 4) . The two strains had comparable zeta potentials over the studied range of ionic strengths. The negative zeta potentials decreased in magnitude as the ionic strength of the solution increased and approached a nonzero, residual value at high ionic strengths. This behavior is characteristic of "soft" particles coated with a polyelectrolyte layer, such as bacterial cells with charged exopolymeric substances at their surfaces (13) . The equivalence of the zeta potentials of the two strains strongly corresponds to the similarities in calculated surface charge density among the strains.
Electrophoretic mobility measurements of 1.6-m-diameter SiO 2 particles were used to estimate the zeta potentials of clean and coated quartz substrates (Fig. 5) . Clean particles were highly negatively charged and had negative zeta potentials that approached zero at high ionic strengths. The PLL coating of the SiO 2 particles induced charge reversal, as demonstrated by positive zeta potentials. The subsequent adsorption of negatively charged alginates at the surfaces of PLLcoated particles induced a second reversal of the surface charge, as suggested by negative zeta potentials. In contrast with the clean SiO 2 particles, the coated particles had nonzero zeta potentials at high ionic strengths, which confirms the presence of a soft polyelectrolyte layer at their surfaces (13) . The diameters of SiO 2 particles in deionized water were 1.57 Ϯ 0. 05   FIG. 3 . Estimates of the cell hydrophilicity and surface acidity levels of each PAO1 strain. Hydrophilicity was measured using the microbial-adhesion-to-hydrocarbons test (32) and is represented as the fraction of cells partitioned into the aqueous phase. The surface acidity of the cells was determined by titration using hexadimethrine bromide and polyvinyl sulfate as cationic and anionic standards, respectively (24) . m, 2.08 Ϯ 0.17 m, and 1.95 Ϯ 0.11 m for clean, PLLcoated, and alginate-PLL-coated particles, respectively. Therefore, minimal aggregation among the particles during the adsorption of polyelectrolytes was observed. Bacterial deposition kinetics under favorable (nonrepulsive) conditions. Rate coefficients for the deposition of motile PAO1 ⌬pilA and nonmotile PAO1 ⌬fliC ⌬pilA cells onto PLLcoated quartz were determined as a function of ionic (KCl) strength (Fig. 6 ). Deposition kinetics under favorable (nonrepulsive) conditions were indicative of the convective-diffusion limit of microbial transport towards the substrate. Cell transfer coefficients for nonmotile bacteria remained constant at (1.84 Ϯ 0.07) ϫ 10 Ϫ7 m/s with increasing ionic strength (1 to 100 mM). Cell transfer coefficients for motile bacteria under favorable conditions were at least two times higher than those for the nonmotile strains and significantly increased with increasing ionic strength, approaching a maximum of (5.51 Ϯ 0.15) ϫ 10 Ϫ7 m/s at 100 mM. However, deposition rates for both bacterial strains dropped significantly at an ionic strength of 1,000 mM.
High deposition rates observed for motile bacteria are attributable to the ability of the cells to swim towards the surface. However, the sudden increase in the cell transfer rate observed at 100 mM was not anticipated. This deposition behavior contradicts the classical electrostatic-double-layer theory, which suggests that an increase in ionic strength reduces the range of attractive interactions and subsequently decreases or maintains the deposition rate of particles (15) , as observed for nonmotile bacteria. The enhanced deposition rate of motile bacteria at 100 mM suggests that flagellar functions are strongly dependent on ionic strength. The reduction in the transfer rate at an ionic strength of 1,000 mM may be attributed to (i) the desorption of PLL from the quartz surface, which would create charge heterogeneity at the substrate surface and reduce attractive interactions, and (ii) the increase in the viscosity of the solution, which would decrease the diffusive transport of cells towards the substrate surface.
Bacterial deposition onto alginate conditioning film. The impact of alginate conditioning films on bacterial adhesion was studied by measuring the efficiencies of attachment of motile and nonmotile bacteria onto either clean or alginate-coated quartz (Fig. 7) . The attachment efficiencies of bacteria corresponded to their deposition rates at a given ionic strength as normalized by the deposition rate at the same ionic strength under favorable conditions (Fig. 6 ). For ionic strengths greater than 100 mM, the deposition rate at 100 mM under favorable conditions was used in the determination of attachment efficiencies. The attachment efficiency reflects the effect of cellsurface interactions on deposition kinetics (46) .
For the nonmotile PAO1 ⌬fliC ⌬pilA bacteria, a major enhancement in the efficiency of attachment to an alginateconditioned substrate compared to that of clean quartz was observed (Fig. 7A) . The efficiencies of attachment to the conditioning film were on average three times higher than those to clean quartz, as the efficiencies for the two substrates increased similarly with increasing ionic strength. The maximum attachment efficiencies (set at 1) for the alginate-coated and clean systems were approached at 30 and 300 mM, respectively. These ionic strengths corresponded to favorable conditions for bacterial deposition in a transport-limited regime. These results suggest that the alginate conditioning film does favorably affect the deposition of nonmotile PAO1 bacteria. Deposition efficiencies (Fig. 7B ) of motile PAO1 ⌬pilA bacteria were less sensitive to the presence of the conditioning film than those of nonmotile bacteria. The efficiencies of deposition onto the conditioned surface at ionic strengths below 100 mM were only about 1.5 times higher than those onto the clean surface. However, as the ionic strength approached 100 mM, the rate of cell transfer onto alginate films rapidly increased (data not shown), similar to the transfer rate measured under favorable conditions (Fig. 6) , and the attachment efficiencies neared unity (Fig. 7B) . This phenomenon appeared to be very specific to the ionic strength of 100 mM, as suggested by the subsequent reduction in attachment efficiency at 300 mM KCl.
Role of bacterial motility. Our results indicate the paramount importance of swimming motility for the deposition of microorganisms onto clean and alginate-conditioned surfaces. Independent of the substrate type, deposition rates measured under favorable (nonrepulsive) conditions confirmed the considerable impact of swimming motility on cell transport towards the substrate. We also demonstrated that under favorable deposition conditions, i.e., deposition onto PLL (Fig. 6 ) or onto alginate-coated quartz at high ionic strengths (Fig. 7B ), an electrolyte concentration of 100 mM KCl optimized the functions of the flagella. An ionic strength of 100 mM approaches the electrolyte condition of physiological saline solutions (0.9% NaCl, or an ionic strength of 154 mM) that is optimal for maintaining the electrolyte balance required by the rotation mechanisms of the flagella (5).
On bare quartz substrate, the physical presence of flagella, in addition to their functions, directly affects bacterial deposition. The general increase in deposition efficiencies of both motile and nonmotile bacteria with increasing ionic strengths suggests that electrostatic interactions are important in deposition. Zeta potential measurements demonstrated that the cells (Fig. 4 ) and the substrate (Fig. 5) maintain negative charges at their surfaces, which would result in repulsive electrostatic interactions as the separation distance between the cell and the substrate decreases. However, on bare quartz, motile cells have greater attachment efficiencies over the entire range of ionic strengths and approach the maximum attachment efficiency at a lower ionic strength than nonmotile bacteria, despite the similar zeta potentials of the motile and nonmotile strains. Our results support two previously suggested hypotheses involving flagella in bacterial deposition: (i) the kinetic energy of swimming cells enables the cells to overcome the repulsive energy barrier and adhere to regions of heterogeneity on the surface (28) , and (ii) the flagella are able to penetrate a repulsive electrostatic barrier and reach areas of heterogeneity at the surface to induce the initial reversible adhesion of the bacteria (30) .
On an alginate-coated substrate, the changes in the structure and properties of the conditioning film with increasing electrolyte concentrations can affect bacterial deposition. We observed that the alginate film increased the magnitude of the negative zeta potential of the quartz substrate (Fig. 5) and simultaneously enhanced the attachment efficiencies of nonmotile bacteria compared to those measured for bare quartz (Fig. 7A) . These results suggest that, despite electrostatic repulsion, other interactions, such as biologically specific interactions, may aid in the deposition of microorganisms onto alginate films. However, the deposition efficiencies of motile bacteria in the presence of alginate were only slightly enhanced. Two specific features of the strains may generate other types of interaction with the conditioning film that may explain the observed differences in deposition between the motile and nonmotile strains: (i) the steric impact of the presence of flagella on the cell environment and (ii) the strong hydrophobicity of nonmotile cells. Both factors can influence deposition, depending on the structure of the polyelectrolyte film.
According to our previous studies on the viscoelastic properties of alginate films (14) , the structure and properties of the adsorbed layer are highly sensitive to changes in electrolyte concentrations. At low and moderate ionic strengths (about 30 mM), the alginate layer is fluid and exhibits a brush structure due to significant electrostatic repulsion between the extended polyelectrolytes adsorbed onto the substrate. As the ionic strength increases (Ͼ30 mM), the layer compacts through alginate coiling and adopts a rigid structure presenting a smoother film-liquid interface. Each structure has specific surface characteristics that can induce attractive and repulsive interactions with the approaching bacterial cells. Hydrophobic interactions between the brush layer and approaching nonmotile cells can develop. The hydrophobic characteristic of the cell surface was previously shown to govern the deposition of P. aeruginosa cells onto a poly(ethylene oxide) brush layer (36) .
Steric interactions between the alginate brush structure and flagellated bacteria may hinder bacterial deposition. The steric repulsive barrier between extended polymer brushes was shown to maintain large separation distances between particles and the substrate and to prevent the development of attractive interactions (6) . Steric interactions between the flagella and the alginate brush may cause the sudden reversal of the swimming direction of the cell, which is a common swimming response of other flagellated bacteria confronting obstacles (9) . However, these steric conditions were not permanent in our system. Our results demonstrated that the steric repulsive barrier was suppressed through increases in ionic strength up to 100 mM, which enabled microbial deposition as a result of (i) the optimization of the swimming mobility of the cells, (ii) the compaction of the film by the coiling of the alginate polymers, and (iii) the suppression of electrostatic repulsion due to the decrease in magnitude of the negative zeta potentials of the substrate and cell surfaces.
In conclusion, our research demonstrated that motility plays an important role in the deposition of bacteria onto clean and fouled or conditioned surfaces in aquatic systems. We established a model system that includes (i) well-characterized bacterial strains and (ii) well-defined conditioning of a characteristic substrate with representative polyelectrolytes. The responses of the system to bacterial motility, to changes in ionic strength, and to the presence of an alginate conditioning film were clearly indicative of the impact of these factors on bacterial deposition. The developed alginate conditioning film provided conclusive results that support our approach to understanding the impact of more complex conditioning films on bacterial deposition in natural, engineered, and biomedical aquatic systems. 
